Peppermint (Mentha × piperita L.) was transformed with various gene constructs to evaluate the utility of metabolic engineering for improving essential oil yield and composition. Oil yield increases were achieved by overexpressing genes involved in the supply of precursors through the 2C-methyl-D-erythritol 4-phosphate (MEP) pathway. Two-gene combinations to enhance both oil yield and composition in a single transgenic line were assessed as well. The most promising results were obtained by transforming plants expressing an antisense version of (+)-menthofuran synthase, which is critical for adjusting the levels of specific undesirable oil constituents, with a construct for the overexpression of the MEP pathway gene 1-deoxy-D-xylulose 5-phosphate reductoisomerase (up to 61% oil yield increase over wild-type controls with low levels of the undesirable side-product (+)-menthofuran and its intermediate (+)-pulegone). Elite transgenic lines were advanced to multiyear field trials, which demonstrated consistent oil yield increases of up to 78% over wild-type controls and desirable effects on oil composition under commercial growth conditions. The transgenic expression of a gene encoding (+)-limonene synthase was used to accumulate elevated levels of (+)-limonene, which allows oil derived from transgenic plants to be recognized during the processing of commercial formulations containing peppermint oil. Our study illustrates the utility of metabolic engineering for the sustainable agricultural production of high quality essential oils at a competitive cost.
P eppermint (Mentha × piperita) is the source of commercially valuable essential oil used in numerous mint-flavored consumer products (1) . Following a peak production in 1995, the peppermint acreage in the United States has been decreasing (2) , and there is an increasing market pressure for lower-cost mint oils. Over the course of several decades improvements in agricultural practices have resulted in substantial yield increases (2) . However, progress in varietal improvements has been frustratingly slow, in part because peppermint, which is a sterile hybrid developed from a cross between water mint (Mentha aquatica) and spearmint (Mentha spicata) (3), is not amenable to classical breeding. Thus, metabolic engineering is the only realistic short-term alternative for enhancing peppermint oil yield and composition (4) . Fortunately, in comparison to other essential oil plants, the monoterpenoid essential oil biosynthetic pathway in peppermint is exceptionally well understood (reviewed in ref. 5) , which has facilitated the development of metabolic engineering strategies.
One approach to potentially increase peppermint oil yield is to manipulate the expression levels of selected genes involved in the 2C-methyl-D-erythritol 4-phosphate (MEP) pathway, which provides the precursors for monoterpene biosynthesis (6, 7) (Fig. S1 ). Indeed, increased oil yields were reported previously for transgenic plant lines overexpressing the MEP pathway gene 1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR; up to 44% above wild-type controls) (8, 9 ). An alternative strategy to increase peppermint oil yield by metabolic engineering is to overexpress genes that encode enzymes catalyzing seemingly slow steps in monoterpene biosynthesis, but this approach has not been successful thus far. For example, (−)-limonene synthase ((−)-LS) catalyzes the first committed step in the p-menthane monoterpene pathway and, because of its relatively low catalytic efficiency, is considered a potentially rate-limiting enzyme (10) . However, elevated expression levels of the gene encoding (−)-limonene synthase ((−)-LS) led to only moderate increases in oil yield in one study (11) , whereas two independent studies did not find any positive effects on yield (12, 13) . L3H catalyzes an equally slow step in the pathway (14, 15) , but the overexpression of the L3H gene also did not result in increased oil yields (9) . Metabolic engineering efforts aimed at improving oil composition have focused on reducing the accumulation of (+)-menthofuran and its intermediate (+)-pulegone, particularly under stress conditions. The expression of (+)-menthofuran synthase (MFS) (16) in antisense orientation resulted in reduced (+)-pulegone and (+)-menthofuran levels (9) . Interestingly, one of these transgenic antisense lines, designated MFS7A, not only had an improved oil composition but also an increased oil yield by roughly 35%.
In the present study we have investigated the utility of overexpressing additional genes that encode enzymes involved in the precursor supply pathway for monoterpene biosynthesis. We have also generated transgenic plants, tested under greenhouse and commercial-scale field trial conditions, in which a two-gene combination (downregulation of MFS and upregulation of DXR) is used to positively affect both oil yield and composition. We have also produced transgenic lines that accumulate a chemical marker, (+)-limonene, which enables the tracing of oil distilled from our transgenic plants.
Results and Discussion
Increasing Essential Oil Yield. To evaluate the utility of overexpressing genes involved in monoterpene precursor biosynthesis we generated transgenic peppermint lines using peppermint 1-deoxy-D-xylulose 5-phosphate synthase (DXPS) (17) , peppermint iso-pentenyl diphosphate isomerase (IPPI) (18) , and Grand fir (Abies grandis) geranyl diphosphate synthase (GPPS) (19) (Fig. S1) , all under control of the constitutive cauliflower mosaic virus 35S promoter (20) . The heterologous GPPS from Grand fir was chosen because it is encoded by a single gene (forming a homodimeric protein), whereas the peppermint GPPS is encoded by two genes (forming a heterodimeric protein).
We regenerated a total of 28 transgenic lines harboring the peppermint DXPS construct, 11 of which had a higher DXPS transcript abundance compared to wild-type controls (based on Northern blot analyses) (SI Text). None of the transgenic lines overexpressing DXPS had significant oil yield increases relative to wild-type controls (Table 1) . However, three lines (DXPS 15, DXPS23, and DXPS28) had favorable oil compositions (in particular, low (+)-menthofuran levels between 2% and 4% and (+)-pulegone levels below 1%) (Table S1 ).
Transgenic plants were also regenerated from nine independent transformations with a peppermint IPPI overexpression construct. The abundance of IPPI transcript was extremely low in wild-type controls (below detection limit after one week of photographic film exposure on Northern blots). In contrast, bands were detectable in three transgenics (SI Text). Oil yield increases of up to 26% were measured in the IPPI4 line (Table 1) . A quantitative real-time PCR (qPCR) analysis confirmed low endogenous expression levels of IPPI in peppermint leaves, as four times higher tissue amounts than usual had to be processed to obtain any detectable signal. The IPPI transcript levels in the IPPI4 transgenic line were 1.8-fold higher than in wild-type controls (Fig. 1) .
The Grand fir GPPS overexpression construct was integrated into the genome of 22 independently transformed peppermint lines. Corresponding transcript was detected in 12 lines on Northern blots (SI Text), whereas in wild-type controls, which do not contain this particular GPPS gene, the transcript was not detected. Oil yield increases of up to 18% over wild-type controls were measured in some lines expressing GPPS (highest levels in GPPS11). The GPPS11 line also had desirable effects on oil composition (<5% (+)-menthofuran and <2% (+)-pulegone; Table 1 ). A qPCR analysis confirmed relatively high expression levels of the Abies grandis GPPS in the GPPS11 line, while, as expected, only background level amplification of a PCR product was detectable with wild-type controls (Fig. 1) .
It is interesting to note that the compositional balance of monoterpenes was affected slightly by overexpressing genes involved in the MEP pathway (e.g., DXPS2 had high (+)-pulegone levels, while IPPI4 and IPPI5 had increased (+)-menthofuran levels). This could potentially be explained by changes in flux distribution through the monoterpene pathway or pleiotropic effects resulting from each transformation event.
Combining High Essential Oil Yield with Favorable Composition. The overexpression of DXR led to oil yield increases, while the expression of MFS in antisense orientation in transgenic peppermint plants (elite line MFS7A) resulted in desired decreases in the relative amounts of (+)-menthofuran and (+)-pulegone (9) . To evaluate if oil yield could be improved while preserving the desirable composition, we transformed the transgenic MFS7A line with an additional construct for the overexpression of DXR. We regenerated 35 transgenic plant lines that contained the DXR overexpression construct, of which six lines had significantly higher oil yields than wild-type controls (Table S1 ). The essential oil yields in three elite lines, designated BD7A-3, BD7A-4, and BD7A-7, were substantially increased above those in wild-type controls (61%, 53%, and 49%, respectively) ( Table 1) . Consistently low levels of (+)-menthofuran (≤1.9% of the essential oil) and (+)-pulegone (roughly 0.2% of the essential oil) were measured in all of these transgenic lines (Table 1) . Based on qPCR Table 2 ). The composition was similar to that of untransformed controls, with the exception that (+)-menthofuran levels were desirably lower. Fresh hay yields were at 42 to 50 tons per hectare for all years and genotypes ( Table 2 ), indicating that controls and transgenic plants had similar growth characteristics. Three double-transgenics optimized for oil yield and composition were first planted in 2007 (BD7A-3) and 2008 (BD7A-4 and BD7A-7). Highly significant yield enhancements over wild-type controls were determined for BD7A-3 (27% up in 2008 harvest) and BD7A-4 (70 and 78% up in 2008 and 2009 harvests, respectively), while the 26% yield increase of BD7A-7 in 2009 harvest was not significant. The oil composition in all transgenic lines was favorable (similar to wildtype but with significantly lower (+)-menthofuran levels). In 2008, some mint plots were harvested only a few months after establishment. High levels of (+)-menthofuran (>6% of essential oil) were detected in wild-type controls, whereas in transgenic lines BD7A-4 and BD7A-7 the levels were at <5% of the oil. Because high (+)-menthofuran levels have also been reported for mature plants grown under low light intensities (cloudy days) or high night temperatures (21) (22) (23) , the accumulation of undesirable oil components (such as (+)-menthofuran) under adverse weather conditions could potentially be prevented by planting BD7A transgenic lines. It is also important to note that oil yield and composition trends observed in greenhouse-grown lines were substantiated in field trials. Our data also provide evidence that, after a plot establishment period of 1-2 yr, oil yield and composition in transgenic lines are stable for multiple growth seasons.
Introduction of a Chemical Marker for Essential Oil Derived from
Transgenic Plants. Commercial essential oil from field-grown mint plants is collected by steam distillation. This oil does not contain genetic material, because DNA is not volatile and remains in the mint hay residue. However, regulatory agencies in some countries require labeling of products of transgenic provenance. To enable the tracing of oil from transgenic peppermint plants it would thus be advantageous if it contained a chemical marker. Such a marker would have to be present at low levels in the oil, should be easily detectable by standard analytical methods, and should not affect the organoleptic properties of the oil. Commercial peppermint oils grown in various US locations contain readily detectable amounts of (−)-limonene (1.1-2.7% of the essential oil), the precursor to all p-menthane monoterpenes (Fig. S1 ) but only very small amounts (ranging between 0.07% and 0.25% of the essential oil) of its enantiomer, (+)-limonene (24) . The Federal Drug Administration of the United States lists (+)-limonene under the chemicals with "generally recognized as safe" (GRAS) status (25) , and enhanced levels of (+)-limonene would thus be a highly suitable chemical marker for transgenic plants. Identification of a gene that encodes a (+)-limonene synthase (PLS) would provide for such a marker gene. A terpene cyclase structure/function study using (−)-LS from spearmint (10) as the scaffold revealed several potential candidate mutant enzymes that generate largely monoterpenes of the (+)-enantiomeric series in cell-free assays using geranyl diphosphate as substrate (SI Text). One promising candidate (M458C; methionine 458 changed to a cysteine) showed a relative reaction velocity approaching wild-type cyclase values and was thus further evaluated for potential use as a marker gene. GC and chiral GC analyses determined the product composition of the M458C mutant to be 57.3% limonene (5.4∶1 (+/−)), 38.3% α-terpineol (7.3∶1 (+/−)), 4% linalool (4∶1 (+/−)), 1.1% (−)-β-pinene and 1.5% (+)-β-pinene ( Fig. 2A) . Given that all the assay products of M458C mutant are listed under GRAS status (25) , peppermint plants were transformed with a M458C mutant overexpression construct, from which 29 transgenic lines (designated PLS1-29) were regenerated. Within this family of transgenics, six lines had significantly increased (>50% up) levels of For acronyms used as identifiers for transgenic lines see Table 1 . Abbreviations and acronyms: n.a., not applicable; SD, standard deviation; WT, wild-type peppermint (Black Mitcham cultivar).
(+)-limonene ( Fig. 2 B and C) . The highest (+)-limonene levels were detected in the PLS3 line but, for as yet unknown reasons, the concentrations of all (−)-limonene-derived monoterpenes decreased dramatically and the oil yield dropped to 18% of wild-type controls ( Fig. 2 B and C) . However, four other (+)-limonene-accumulating transgenic lines (PLS10, PLS11, PLS12, and PLS28) had a generally desirable oil composition and oil yields comparable to those of wild-type controls. These data indicate that (+)-limonene can be introduced as a chemical marker, without adverse effects on oil yield.
Strategies for Further Yield Enhancements. Overall, our metabolic engineering approaches to modulate the expression of genes of the essential oil precursor pathway (up) and those with relevance for oil composition (down) were highly successful. However, transgene expression levels did not always correlate directly with oil yield (Table 1 ; Fig. 1 ). Because future improvements will depend on understanding the factors that determine oil yield in peppermint, it should be noted that we have recently made substantial progress in that regard. Using a combination of mathematical modeling and experimental testing (26, 27) we found that, across several transgenic lines and under various growth conditions, oil yield correlated strongly with the total number and developmental distribution patterns of glandular trichomes, the specialized anatomical structures that synthesize and accumulate the oil (28) (29) (30) (31) . We had previously hypothesized that a "pushpull" mechanism (increased expression of a biosynthetic gene induces the initiation of glandular trichomes) could potentially allow more essential oil to be produced and stored (27) . Such a mechanism is only partially supported by the current dataset (transgenics with higher oil yields had increased expression levels of the precursor pathway transgene but there was no tight correlation between the degree of transgene overexpression and oil yield). It is conceivable that the tissue culture manipulations used in the peppermint transformation protocol also have effects on the oil yield capacity of the regenerated plants, independent of the expression levels of the introduced transgene. Our transgenic plants did not show any obvious visible phenotypic differences (leaf and stem morphology) compared to wild-type controls and an important next step in furthering our understanding of the mechanisms controlling essential oil yield in peppermint will thus be to evaluate the density and size of glandular trichomes on leaves of the highest yielding transgenic lines. The mechanisms underlying glandular trichome distribution in peppermint are presently unknown, but positive regulators of trichome development/initiation have been characterized in other plants. These include transcription factors with various DNA binding domains (32) (33) (34) (35) (36) (37) and protein-protein interaction partners of these transcriptional regulators (38) . An analysis of expressed sequenced tags from isolated peppermint glandular trichome secretory cells indicated the presence of several genes with very high homology to the above-mentioned transcription factors (18), and we are currently testing their utility for affecting glandular trichome numbers and developmental distribution patterns. Tables S2-S4 .
Construct Design, Plant Transformations, Transformant Selection, and Transcript Analysis. The pGAdekG/NIb.L parent vector was a gift from J.C. Carrington. It is a derivative of the pGA482 vector developed by G. An's group (39) . The target DNA was amplified from suitable plasmid DNA using primers that introduced a 5′-EcoRI site upstream of the start codon and a 3′-KpnI site downstream of the stop codon. The pGAdekG/NIb.L vector was digested with EcoRI/KpnI, gel-purified, and the EcoRI/KpnI-predigested target cDNA ligated into the vector. The vector used for the overexpression of (+)-limonene synthase was based on the backbone of pCAMBIA1300 (Cambia) with a Gateway cloning cassette from pMDC32 (40) . The Agrobacterium-mediated transformation of peppermint leaf discs and regeneration of transgenic plants was performed according to previously published protocols (41, 42 Micro-Scale Distillation and Terpenoid Analysis. Leaves were directly (without prior freezing) steam-distilled and solvent-extracted using 10 mL of n-hexane in a condenser-cooled Likens-Nickerson apparatus (47) . For the analysis of chiral essential oil constituents (in particular for determining the ratio of (−)-limonene and (+)-limonene in PLS transgenics), the steam-distilled and solvent-extracted oil was injected onto an Agilent Technologies 7890A GC-FID instrument equipped with a Cyclodex B column (J&W Scientific 112-2532; 30 m × 250 μm × 0.25 μm). GC settings were as follows: inlet 250°C, split 2∶1, split flow 4 mL∕ min, column flow (He) 2.0 mL∕ min, FID detector at 250°C (H 2 flow at 30 mL∕ min, air flow at 400 mL∕ min, makeup flow (He) at 25 mL∕ min). The GC oven program had an initial temperature of 62°C, which was held for 1 min, a slow ramp to 65°C at 0.1°C per min, a fast ramp to 200°C at 50°C, a hold at the final temperature for 10 min. Student's t tests to assess statistical significance of differences between control and experimental samples were performed in Microsoft Excel.
Characterization of a (+)-Limonene Synthase Generated from Spearmint (−)-Limonene Synthase by Site-Directed Mutagenesis. Mutagenesis of (−)-(4S)-limonene synthase utilized a truncated form of the cDNA in which the transit peptide coding sequence had been removed and an ATG inserted directly upstream to generate the LS-M57 inserted into the pSBET vector (48), a construct that facilitated both recombinant expression and enzyme activity (49, 50) . One mutant clone (M458C) yielded substantial amounts of (+)-limonene (SI Text). The clone was overexpressed in Escherichia coli and the recombinant protein purified (SI Text). Typical enzyme assays contained 100 μM geranyl diphosphate, 7.5 mM MgCl 2 , 50 mM MOPSO at pH 7.0, 10 % (v∕v) glycerol, and 10 mM DTT in a 500 μL volume. Assays were carried out for 5-30 min at 31°C and terminated by extraction with 500 μL pentane. The pentane layer was used directly for chiral GC analyses as described above.
